؉ T cells by human immunodeficiency virus type 1 (HIV-1) is not productive due to partial or complete blocks in the viral life cycle at steps prior to integration of the viral genome into the host cell chromosome. However, stimulation of an infected resting T cell by antigen, cytokines, or microenvironmental factors can overcome these blocks and allow for the production of progeny virions. In this study, we sought to understand the structure and fate of the virus in unstimulated resting CD4 ؉ T cells. Using a novel linker-mediated PCR assay designed to detect and characterize linear unintegrated forms of the HIV-1 genome, we demonstrate that reverse transcription can proceed to completion following the infection of resting T cells, generating the substrate for the retroviral integration reaction. However, reverse transcription in resting T cells is far slower than in activated T cells, requiring 2 to 3 days to complete. The delay in completing reverse transcription may make the viral DNA genome more susceptible to competing decay processes. To explore the relationship between the formation of the linear viral genome and the stability of the preintegration state, we employed a recombinant HIV-1 virus expressing the enhanced green fluorescent protein to measure the rate at which HIV-1 decays in the preintegration state. Our results demonstrate that the preintegration state is labile and decays rapidly (half-life ‫؍‬ 1 day) following the entry of HIV-1 into a resting T cell, with significant decay occurring during the slow process of reverse transcription.
The persistence of human immunodeficiency virus type 1 (HIV-1) in patients treated for long periods of time with powerful combinations of antiretroviral drugs highlights a need for a better understanding of viral reservoirs (reviewed in reference 31). To date, the most extensively characterized longlived reservoir for HIV-1 in infected individuals is a reservoir composed of latently infected resting CD4 ϩ T lymphocytes carrying integrated provirus (3, 5) . In treated patients who have stable suppression of viremia to below the limits of detection (plasma HIV-1 RNA levels below 50 copies per ml), longitudinal analysis of the frequency of resting CD4 ϩ T cells carrying replication-competent provirus demonstrates that this compartment is highly stable (half-life of 6 to 44 months) and has the potential to reinitiate disseminated viremia in infected individuals following the cessation of therapy (6, 12, 13, 29, 41, 47) . Therefore, this stable reservoir represents a serious obstacle to HIV-1 eradication with current therapeutic regimens.
HIV-1 latency is best understood in the context of normal CD4 ϩ T-cell physiology. CD4 ϩ T lymphocytes are heterogeneous with respect to a number of parameters including state of differentiation and activation. Following maturation in the thymus, naive CD4 ϩ T cells traffic in a quiescent state through the blood, lymphatics, and peripheral lymphoid tissues, awaiting encounter with cells presenting antigens capable of being recognized by their antigen-specific T-cell receptors (reviewed in reference 16). Exposure to an antigen results in a dramatic increase in the metabolic state of the T cell, up-regulation of large sets of genes involved in immunologic effector function, and entry into the cell cycle (7) . Following the clearance of antigens resulting from a successful immune response, the majority of activated T cells die by programmed cell death. However, a small fraction of the activated, antigen-specific T cells survive and return to a resting state. These memory T cells are capable of activation upon reencountering the relevant antigen and comprise the CD4 ϩ component of the memory response (reviewed in reference 8).
A primary target for productive HIV-1 infection is the activated CD4 ϩ T lymphocyte (23) . Soon after entry of HIV-1 into an activated T cell, the viral RNA genome is reverse transcribed into DNA, imported into the nucleus, and integrated into a host cell chromosome. These processes allow for the production of progeny viruses, which often results in the death of the infected cell. In contrast, most studies suggest that the interaction of HIV-1 with resting CD4 ϩ T cells does not result in a productive infection. Pioneering studies by Zack et al. (42, 43) and Bukrinsky et al. (2) demonstrated an apparent block in HIV-1 replication in resting CD4 ϩ T cells prior to the integration of the viral genome into the host cell chromosome. Zack et al. suggested that this block reflects an inability to complete the reverse transcription reaction (42, 43) . This may be due to insufficient levels of nucleotide precursors (20) and/or a requirement to enter the cell cycle and transit through the G 1b phase (19) . An alternative hypothesis concerning the block in HIV-1 replication is that a resting T cell does not contain sufficient stores of ATP required for the translocation of the very large preintegration complex (PIC) into the nucleus of the nondividing lymphocyte (39) . While these blocks normally prevent the production of progeny virions following the infection of CD4 ϩ resting T cells, infected resting cells can be induced to release virus upon stimulation (2, 43) . Therefore, HIV-1 residing in resting CD4 ϩ T cells is in a state of preintegration latency, awaiting stimulation and a transition to productive infection.
Since the majority of CD4 ϩ T lymphocytes in the body are in a resting state, understanding the fate of viral genomes in resting T cells is an important issue in the study of the dynamics of HIV-1 infection in vivo. Although in vitro studies cited above suggest that reverse transcription does not go to completion in resting cells, other studies have demonstrated that resting CD4
ϩ T cells isolated from the blood of HIV-1-infected individuals contain completely reverse transcribed viral DNA. The majority of this DNA is unintegrated (2, 3) . Interpretation of these studies is complicated by the fact that, in vivo, it is not possible to establish the activation state of the cell at the time of virus entry and reverse transcription. Additionally, the microenvironment in which the cell is exposed to virus can influence the degree to which HIV-1 can perform the reverse transcription and integration reactions. For example, exposure of resting CD4
ϩ T cells to cytokines and chemokines has been shown to partially activate resting T lymphocytes to a degree sufficient to allow not only for complete reverse transcription but also for integration and virus gene expression, events that are not generally observed in resting T cells in the absence of an activating stimulus (40) . Resting T cells trafficking through peripheral tissues in vivo may be exposed to stimulatory cytokines or chemokines that allow for viral gene expression, as demonstrated by in situ RNA hybridization studies (48) . Recent work by Eckstein and colleagues supports these observations by demonstrating that naive T cells isolated from tonsils have the capacity to produce virus in the absence of antigenic stimulation, perhaps due to the complex microenvironment of the histocultures (10) . Taken together, these studies demonstrate that subtle changes in the activation state of a resting T cell may influence the outcome of HIV-1 infection. Further studies are required to understand at a molecular level the fate of the HIV-1 in resting cells.
In patients with untreated HIV-1 infection, most of the HIV-1 DNA present in resting CD4 ϩ T cells isolated from the blood is unintegrated, suggesting that, in vivo, virus in the preintegration state is common (2, 3) . A recent longitudinal study examined the frequency of resting CD4 ϩ T cells capable of producing virus following in vitro stimulation in patients treated soon after exposure to HIV-1 (1) . Most of the patients enrolled in this study had high levels of virus in the plasma prior to the initiation of highly active antiretroviral therapy. The amount of virus that could be rescued from resting CD4 ϩ T cells by activation decayed in a biphasic fashion, suggesting differential stability of virus in the preintegration and postintegration states.
In this study, we sought to understand the structure and fate of the virus in the preintegration state of latency in unstimulated resting CD4 ϩ T cells. Our results demonstrate that the preintegration state is labile due to a rapid decay of functional PICs prior to the completion of reverse transcription.
MATERIALS AND METHODS

Isolation of highly purified CD4
؉ resting T cells. Highly purified resting CD4 ϩ T cells were isolated from peripheral blood mononuclear cells (PBMC) of HIV-1-negative donors as described previously (3, 13) . Briefly, PBMC were obtained by centrifugation on Ficoll-Hypaque gradients. Adherent cells were removed during overnight culture in RPMI 1640 supplemented with 10% fetal calf serum, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 2 mM glutamine (minimal medium [MM] ). Purification of resting CD4 ϩ T cells was accomplished in two steps . An initial enrichment involved staining cells with monoclonal  antibodies against early, intermediate, and late markers of T-cell activation  (CD69, CD25, and HLA-DR) as well as unwanted cell lineages (CD8, CD19,  CD16 , and CD14), followed by removal of cells decorated with antibodies by using magnetic beads coated with goat antibodies specific for murine immunoglobulin G. The fractionated cells were then stained with a phycoerythrin-conjugated anti-CD4 antibody and a fluorescein isothiocyanate-labeled anti-HLA-DR antibody and sorted on an Elite cell sorter. The resulting population of highly purified CD4 ϩ resting cells was typically contaminated by less than 1% of cells expressing activation marker HLA-DR.
Infection of highly purified resting T lymphocytes. High-titer HIV-1 IIIb stocks (10 8 50% tissue culture infectious doses/ml) were obtained commercially (Advanced Biotechnology Inc.) and treated with DNase I (Boehringer Mannheim) in the presence of 5 mM MgCl 2 for 45 min at 37°C. Cells were infected for 3 h with HIV-1 in a small volume of MM (100 to 400 l) and washed three times in 40 ml of phosphate-buffered saline (PBS; pH 7.2) supplemented with 2% fetal calf serum, 0.1% glucose, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 12 mM HEPES, pH 7.2 (wash medium [WM] ). At various times, cells were harvested, washed once in WM, and lysed for DNA isolation (Gentra). Lysates were stored at Ϫ20°C until analysis. To account for intravirion reverse transcription products (44, 45, 46) or contaminating DNA in the viral stocks, an aliquot of infected cells was washed three times in 40 ml of WM immediately following application of the virus (referred to as time zero) and lysed for DNA isolation.
Detection of intermediates of reverse transcription. Intermediates of reverse transcription were detected by a modification of a previously described PCR method (42, 43) . The initiation of reverse transcription was detected with primers M667 and AA55 (long terminal repeat [LTR] ). The translocation of the positivestrand strong-stop molecule that occurs near the end of the reverse transcription reaction was detected with primers M667 and M661 (LTR-gag). A mass of 200 ng of DNA was loaded into each PCR mixture, which contained 1 M (each) primer, 200 M deoxynucleoside triphosphates, 1.5 mM MgCl 2 , and either 2.5 U of Expand High Fidelity Taq polymerase (Boehringer Mannheim) or 2.5 U of Platinum Taq (Life Technologies) in 1ϫ proprietary buffer. A 3-min hot start at 94°C was performed, followed by cycling between 95°C for 30 s and 65°C for 30 s for 25 cycles. Products of the reaction were subjected to 2% agarose electrophoresis followed by alkaline transfer to nitrocellulose and hybridization with an end-labeled oligonucleotide probe (5ЈGTGCTTCAAGTAGTGTGTGCCC3Ј). To control for the relative number of cells in each lysate, ␤-globin was amplified and detected by Southern hybridization as described previously (4) .
Detection of linear forms of HIV-1 DNA by LM-PCR. The biologically relevant product of the retroviral reverse transcription reaction is a linear molecule with blunt phosphorylated ends. To specifically detect this linear form of the HIV-1 genome, a linker-mediated PCR (LM-PCR) approach was employed. This methodology involves the addition of a double-stranded linker onto the termini of linear viral genomes by using T4 DNA ligase, followed by detection of the junction of the linker and viral genome by PCR (2) . This procedure was optimized by using a previously described plasmid, pLTR4202, that contains the two HIV-1 LTRs orientated in a head-to-head fashion (3) . There are several novel restriction endonuclease recognition sites at the junction of the two LTRs in this plasmid. Restriction enzyme digestion allows for the generation of a linear molecule flanked by LTRs that closely approximates the linear form of HIV-1. Restriction of pLTR4202 with StuI generates a linear molecule with blunt ends, while cleavage with AccI produces a linear molecule with a 2-bp overhang. The latter is similar in structure to the ends of the HIV-1 genome produced following processing of the reverse-transcribed viral cDNA by the viral integrase.
Linkers were assembled by annealing two partially complementary unphosphorylated oligonucleotides (45 M each) together in the presence of 1ϫ T4 DNA ligase buffer (Life Technologies). Annealing was performed in a PCR thermocycler programmed to incubate for 5 min at 99°C and slowly cool to room temperature in increments of 5°C with 5 min at each increment. To detect blunt forms of the viral genome, oligonucleotide 25t (5ЈGCGGTGACCCGGGAGA TCTGAATTC3Ј) was annealed to oligonucleotide 11b (5ЈGAATTCAGATC3Ј). A linker capable of detecting linear forms of the viral genome that had been processed by HIV-1 integrase was composed of oligonucleotides 25t and 11-GTb (5ЈGTGAATTCAGATC3Ј). This linker complements the two-base overhang generated by removal of the 3Ј GT dinucleotide from the 3Ј end of each strand of viral DNA by integrase. This linker was capable of detecting both blunt and processed forms of the viral genome (see Results). To detect pLTR4202 follow- Reaction products were run on 2% agarose gels followed by alkaline transfer to nitrocellulose and hybridization with an end-labeled oligonucleotide probe in the LTR (nucleotides 59 to 81 of HIV-1 LAI: 5ЈCACAC ACAAGGCTACTTCCCTGA3Ј).
Characterization of the molecular structure of linear forms of HIV-1 DNA. To detect the three most terminal nucleotides of the U3 terminus of HIV-1, which represent one-half of a ScaI restriction endonuclease recognition site, we designed a screen using a modified linker ligation reaction employing a linker containing the other half of the ScaI site. This linker was assembled as described above from oligonucleotide 25 SCAt (5ЈGCGGTGACCCGGGAGATCTGAA TTCAGT3Ј) and oligonucleotide 11 SCAb (5ЈACTGAATTCAGATC3Ј). LM-PCR was performed as described above, and the products were cloned with a topoisomerase I-mediated cloning system (TOPO-TA). Clones were restricted with ScaI, run on a 1% agarose gel, and subjected to Southern blotting with a probe annealing in the LTR (5ЈCACACACAAGGCTACTTCCCTGA3Ј). Sequencing the PCR insert was performed to validate the approach by determining the identities of nucleotides adjacent to the attached linker.
Analysis of linear forms of HIV-1 DNA processed by the viral integrase. To detect linear forms of HIV-1 DNA that had been processed by integrase, a modification of the LM-PCR approach in which the two-base AC overhang resulting from 3Ј processing is removed prior to the attachment of the linker was employed. Removal of these nucleotides was accomplished by treating viral and genomic DNA with mung bean nuclease (MBN), which is highly specific for single-stranded DNA and which has no activity on double-stranded DNA. After the processed form of the viral genome is blunted, the terminal residues of the linear form of HIV-1 are TGG, which constitute one-half of an NcoI restriction endonuclease recognition sequence. The use of a linker containing the other half of the NcoI recognition site allowed the terminal residues of linear DNA to be assayed rapidly by LM-PCR as described above.
A mass of 2 g of genomic DNA isolated from infected cells was treated with 36 U of MBN (GIBCO) for 15 min at 37°C. The reaction was stopped with two extractions of an equal volume of phenol-chloroform-isoamyl alcohol. Next, the remaining organic solvents were extracted with ether. The resulting DNA was loaded into a ligation reaction mixture containing a linker composed of oligonucleotide 25 NCOt (5ЈGCGGTGACCCGGGAGATCTGAATTCCCA3Ј) and oligonucleotide 11-NCOb (5ЈTGGGAATTCAGATC3Ј), followed by a nested LM-PCR as described above. The products of this reaction were cloned into the TOPO-TA vector (Invitrogen), and the resulting clones were restricted with NcoI and assayed by Southern blotting. To validate the assay, a fraction of the positive clones were sequenced to determine the identity of the nucleotides at the junction of the linker and the viral genome.
Construction of an HIV-1 reporter vector. To detect the productive infection of cells by HIV-1, we constructed a reporter virus that encodes the enhanced green fluorescent protein (EGFP) in place of HIV-1 env. Manufacture of this vector involved replacing the KpnI-NheI env fragment of the HIV-1 NL4-3 provirus with a PCR fragment containing the EGFP coding sequence. This fragment was amplified from a pEGFP-N1 plasmid template (Clontech) with primers containing KpnI and NheI sites (EGFP-KpnI: 5Ј-ATTGGGTACCTAAGGCCT ATCCACCGGTCGCCACCATG-3Ј; EGFP-NheI: 5Ј-GTCCGTGCTAGCTTA CAGCTCGTCCTTGTACAGCTCGTCCATGCC-3Ј). The reverse primer introduces an in frame endoplasmic reticulum (ER) retention sequence (KDEL) and a stop codon at the end of the EGFP coding sequence. To insert the EGFP coding sequence into pNL4-3, a three-way ligation involving the KpnI-NheIrestricted PCR product, a EcoRI-KpnI fragment of pNL4-3, and the EcoRI-and NheI-restricted pNL4-3 backbone was set up. The correct insertion of EGFP into NL4-3 was verified by sequencing. In the resulting construct, pNL4-3-GFP, the EGFP coding region is inserted in frame downstream of an env sequence encoding a small N-terminal fragment containing the signal peptide. The hybrid protein is directed into the ER by the env-encoded signal peptide and retained in the ER by the KDEL sequence.
Reporter virus production and infection. Infectious virions were produced from the pNL4-3-GFP vector as described previously (33) . Thirty million 293T cells were transfected with 40 g of pNL4-3-GFP and 20 g of pVSV-G in a 150T flask by using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Five hours later, the medium was replaced with fresh MM. Supernatant containing vesicular stomatitis virus glycoprotein (VSV-G)-pseudotyped NL4-3-GFP virions were harvested 48 h posttransfection and concentrated with ultracentrifugation (25,000 rpm in a Beckman SW28 rotor at 4°C for 145 min). Viral stocks were titered by infection of Jurkat T cells with serial dilutions of the stock, with analysis of EGFP expression 2 days later by flow cytometry. Typical titers ranged from 3 ϫ 10 7 to 10 ϫ 10 7 infectious units per ml. Primary CD4 ϩ T cells were infected at various multiplicities of infection in 0.5 ml of MM for 2 h at 37°C during centrifugation as described previously (28) . After each infection, cells were washed and cultured at 2 ϫ 10 6 cells per ml in MM until the time of analysis.
Activation of resting CD4 ؉ T cells. Purified resting CD4 ϩ T cells were activated with the mitogen phytohemagglutanin (PHA; Wellcome Diagnostics) and a 10-fold excess of irradiated allogeneic PBMC in 12-well plates. To clearly distinguish the PBMC feeders from infected resting T cells during fluorescenceactivated cell sorter (FACS) analysis, feeders were labeled with excitable dye PKH26 prior to addition to infected-resting-T-cell cultures. Staining was performed by incubation of irradiated PBMC with PKH26 (Sigma) at 25°C for 5 min according to the manufacturer's instructions. Labeled cells were washed three times in WM and mixed with HIV-1-infected resting CD4
ϩ T cells in the presence of 0.5 g of PHA/ml in six-well plates. PHA was removed the next day, and the culture was maintained in MM until analysis was performed. To monitor cell division after stimulation, CD4
ϩ T cells (5 ϫ 10 7 /ml) were incubated with carboxyfluorescein diacetate succinimydyl ester (5 m) in PBS for 3 min at room temperature. An equal volume of fetal calf serum was added to stop the labeling reaction. After being washed three times with WM, CD4 ϩ T cells were cultured for various periods of time before activation, and the change in CFSE fluorescence intensity in the cells was monitored by FACS analysis.
Analysis of resting CD4 ؉ T cells infected with NL4-3-GFP. To determine the rate with which virus in the preintegration state decays, the percentage of reporter virus-infected resting T cells expressing EGFP was determined by FACS following activation. Infected cells were fixed in PBS in presence of 1% paraformaldehyde for 30 min on ice. FACS analysis was performed on a FACScan using Cell Quest software (Becton Dickinson).
RESULTS
Detecting the linear form of HIV-1 DNA by LM-PCR.
The biologically relevant product of the reverse transcription reaction is a full-length linear form of HIV-1 DNA that is recognized by the viral integrase and that is inserted into the host cell chromosome (reviewed in reference 14). The blunt, phosphorylated ends of this molecule distinguish linear HIV-1 DNA from all other forms of the viral genome in the cell. To detect and characterize linear HIV-1 DNA in infected cells, we performed LM-PCR as shown in Fig. 1 . First, a blunt linker is attached to the phosphorylated termini of the viral cDNA with T4 ligase. Next, the junction of the linker and the viral genome was detected by a PCR employing a sense primer in the linker itself and an antisense primer in the R region of the 5Ј HIV-1 LTR.
To study the specificity of the linker ligation process, control experiments were performed using a linearized plasmid that mimics the linear HIV-1 genome. HIV-1 infection results in the production of at least two different forms of linear viral DNA. Reverse transcription produces a linear viral genome with blunt ends. The processing of this blunt form by the viral integrase results in the removal of two bases from the 3Ј strand at each end of the linear genome. To evaluate the abilities of different types of linkers to discriminate between these two forms of the viral genome, control experiments were per-formed using linear plasmid DNA with either blunt ends or ends resembling those of processed forms of the HIV-1 genome. Plasmid pLTR4202 was restricted with StuI or AccI to generate a linear molecule with blunt or asymmetric ends (twobase 5Ј overhangs), respectively. These linear molecules were then used as targets in linker ligation reactions employing either a blunt linker or an asymmetric linker with a 2-bp overhang that complements the asymmetric termini of the target ( Fig. 2A) . These control studies demonstrated that the ligation of a blunt linker onto blunt linear target molecules occurs efficiently but not ligation onto targets with a two-base 5Ј overhang, such as the one generated by HIV-1 integrase (Fig.  2B, compare lanes 1 and 3) . Surprisingly, an asymmetric linker with a two-base 3Ј overhang had the capacity to detect blunt and asymmetric targets with equal efficiencies (Fig. 2B , compare lanes 2 and 4). This result may reflect the fact that the overhanging nucleotides of the linker, which is present in large excess, are not involved in the chemistry of ligation to the phosphate present on the 5Ј end of the genome. Therefore, asymmetric linkers have the capacity to detect both the blunt and integrase-processed forms of the viral genome and may provide a generalized strategy for the detection of linear forms of HIV-1 in infected cells.
Analysis of the progress of the reverse transcription reaction in highly purified resting T cells infected with HIV-1.
Pioneering studies by Zack and colleagues first characterized the reverse transcription reaction in quiescent CD4
ϩ T cells infected with HIV-1 (42, 43) . These initial studies demonstrated that, compared to reverse transcription in activated T cells, reverse transcription in resting cells is inefficient and fails to proceed to completion during the first day of infection. These observations suggested that the failure of HIV-1 to replicate in resting CD4 ϩ T cells might be due to a block in the reverse transcription reaction. To extend these observations, we studied the progress of reverse transcription in resting T cells through the detection of the linear, double-stranded DNA products using LM-PCR. Highly purified populations of resting CD4 ϩ T cells were obtained as previously described (13) and were infected at a multiplicity of infection of 1.0 with HIV-1 IIIb. At various times, total cellular DNA was isolated, and a linker ligation reaction was performed with an asymmetric linker in the presence or absence of T4 DNA ligase. The ligation of the linker onto the U3 terminus of the viral genome was detected by nested PCR. Analysis of the U3 end of the linear form of HIV DNA was selected because previous studies demonstrated that the U3 end is formed after the U5 end and thus represents the final step in the reverse transcription reaction (25) .
Using this approach we demonstrated that linear doublestranded DNA products of appropriate size are produced by (42, 43) . Our analysis detected significant amounts of apparently complete reverse transcripts 3 days postinfection but not during the first day of infection, consistent with the idea that reverse transcription in resting cells is a slow process but one that is eventually capable of proceeding to completion, at least in some resting CD4 ϩ T cells.
Characterization of the linear form of HIV-1 DNA in resting T cells. To demonstrate that the linear HIV-1 DNA molecules detected using LM-PCR are complete and are suitable substrates for the integrase enzyme, we further characterized the structure of linear reverse transcription products in resting CD4 ϩ T cells. HIV-1 integrase binds the ends of the viral cDNA through the recognition of the most terminal five or six nucleotides of the linear viral genome (11) . We therefore characterized the terminal structure of linear HIV-1 molecules found in infected resting CD4 ϩ T cells in order to evaluate their capacity to serve as substrates for the viral integrase. The terminal nucleotides of the U3 end of HIV-1, ACTGG, are highly conserved. The three most terminal bases represent one-half of a ScaI restriction site. To determine the structure of the ends of linear forms of HIV-1 DNA, a blunt linker encoding the other half of a ScaI site was used in the linker ligation strategy described above. Addition of this linker to full-length, blunt, linear forms of the viral genome creates a novel ScaI site at the junction of the linker and the end of the viral genome (Fig. 4A) .
To characterize the linear viral genome formed following infection of quiescent lymphocytes, DNA was isolated from resting CD4 ϩ T cells 3 or 4 days after infection with HIV-1 IIIb. LM-PCR was performed on the U3 terminus with the linker described above, and the products were cloned. Clones were selected at random for restriction by ScaI and analysis by Southern blotting using a probe specific for the HIV-1 LTR. This approach allowed us to discriminate between full-length linear viral genomes and those that do not contain the highly conserved terminal residues. Our analysis included 38 clones derived from three different resting T-cell infections. Twentyseven of these clones were derived from full-length linear viral genomes, as evidenced by the presence of a novel ScaI site at the junction of the linker and the viral genome (Fig. 4B) . Sequence analysis of several ScaI-restricted clones (eight of eight) confirmed that they contained the entire U3 LTR fused directly to the linker (Fig. 4C) . These results definitively demonstrate that full-length linear HIV-1 DNA molecules contain- ϩ T cells were infected with HIV-1 IIIB. Three days after infection, cells were lysed and DNA was isolated for LM-PCR. Cloned LM-PCR products were restricted with ScaI and analyzed by Southern blotting using an LTR-specific probe. The analysis allowed the identification of blunt linear molecules with either the predicted U3 end (lanes 1, 2, 3, and 5) or clones bearing alterations that result in a change in the sequence of the most-terminal U3 nucleotides (lanes 4 and 6). Because the insert was cloned in either a forward or reverse orientation, inserts of two different sizes were predicted for clones containing the novel ScaI site (lanes 1, 2, 3, and 5 ). Some clones did not contain an insert that contained a sequence from the HIV-1 LTR and were not characterized further (lanes 7 and 8). ing sequences recognized by HIV-1 integrase are generated in infected resting CD4 ϩ T cells. Interestingly, sequencing identified linear forms of the viral genome that were blunt (by virtue of their recognition by a blunt linker) but that lacked the highly conserved terminal residues. Eleven clones contained a portion of the U3 LTR but not the diagnostic ScaI site at the linker-LTR junction. The majority of these clones (9 of 11) had deletions of various lengths of the terminal nucleotides of the linear viral genome (Fig. 4C) . Published analysis of the activity of HIV-1 integrase on different linear substrates allows us to predict that viral genomes bearing such deletions are not competent to integrate into the host cell chromosome (11) . Interestingly, similar deletions were not observed during screens of a large number of clones derived from infections of activated CD4 ϩ T cells (0 of 25) (data not shown). One clone from resting cells (3D) contained an additional guanine nucleotide at the junction of the linker and viral genome. The origin of this additional G is likely inappropriate cleavage of the 3Ј polypurine tract by RNase H during reverse transcription. Similar additions of polypurine tract or primer binding site sequences at the junction of the two LTRs found in two-LTR circles have been reported (21, 37) . Finally, one clone (4C) had a single point mutation at the terminus of the viral genome, abolishing ScaI recognition and cleavage. This mutation may have arisen during PCR amplification, and its biological relevance cannot be established.
A fraction of the linear viral DNA in infected resting T cells has been processed by HIV-1 integrase.
The experiments presented above demonstrate the presence of full-length forms of the linear viral genome in resting T cells infected with HIV-1. Next, we asked whether HIV-1-infected resting CD4 ϩ T cells contained linear viral genomes that were associated with functional PICs. Following reverse transcription, the ends of the linear viral genome are bound tightly by the integrase protein.
Integrase then catalyzes the removal of two nucleotides from the 3Ј strand of each end. To determine whether integrase bound the end of the viral genome in resting T lymphocytes, a further modified linker ligation assay was employed to specifically detect linear molecules with the 2-bp 5Ј overhang resulting from integrase 3Ј processing.
An initial attempt to detect molecules that had been processed by integrase involved using asymmetric linkers that complement the 2-bp GT overhang on the viral DNA. However, as shown in Fig. 2 , these linkers have no power to distinguish between blunt and asymmetric forms of the HIV-1 linear genome. Instead, we employed a single-strand-specific nuclease to remove the 2-bp 5Ј overhang generated by integrase processing, generating a blunt end that is missing 2 bp at the end of the LTR. MBN does not cleave double-stranded DNA. Removal of the overhanging two bases with MBN exposes one-half of an NcoI site at the U3 end of the viral genome (Fig.  5A ). Addition of a linker complementing this NcoI half site, followed by LM-PCR, allows for the rapid identification of linear genomes that have been processed by the viral integrase.
The ends of linear DNA molecules may contain some singlestranded character, and thus, to validate this approach, it was necessary to demonstrate that MBN treatment of the viral DNA did not artifactually cleave two bases off the terminus of the genome. To do this, a control virus (HIV-1 D64N) deficient in all integrase catalytic function was used to infect MT-2 cells. This virus, bearing a D-to-N mutation in the catalytic site, should not generate any clones containing the novel NcoI site formed at the junction of the linker and the viral genome. LM-PCR was performed on genomic DNA isolated from infected cultures and analyzed as described above by using the blunt-NcoI site-containing linker. None of the seven clones identified in our screen could be restricted with NcoI, suggesting that MBN treatment does not result in the nonspecific removal of two bases from the end of the HIV-1 genome (data not shown).
To determine if any of the linear HIV-1 DNA in infected resting T cells had been processed by the viral integrase, we isolated DNA from resting T cells infected with HIV-1 IIIb 3 days previously. Following treatment with MBN, LM-PCR was performed as described in Materials and Methods. The products of this reaction were cloned and analyzed by NcoI digestion and Southern blotting with an LTR-specific probe. A total of 17 clones derived from linear forms of HIV-1 were identified in this screen. Six of these clones contained an NcoI site at the junction of the linker and the viral genome, suggesting that they had been processed by HIV-1 integrase prior to treatment with MBN ( Fig. 5B and C) . A fraction (6 of 11) of the remaining clones were studied by sequencing. These clones were characterized by deletions of various numbers of nucleotides from the terminus of the linear genome, similar to the truncations described above. Taken together, these results suggest that reverse transcription proceeds to completion in infected resting T lymphocytes and that the resulting DNA product is associated with a functional PIC.
Measuring the rate with which HIV-1 decays in the preintegration state. Although reverse transcription can proceed slowly to completion in resting CD4 ϩ T cells, the infection of resting CD4 ϩ T cells generally does not progress to the stage of viral gene expression. Previous studies have demonstrated a labile form of latent infection in resting CD4 ϩ T cells, generally referred to as preintegration latency (1, 12, 43) . To explore the relationship between the stability of the virus in the preintegration state and the kinetics of reverse transcription in resting CD4
ϩ T cells, we infected purified resting CD4 ϩ T cells with a recombinant VSV-G-pseudotyped HIV-1 expressing the green fluorescent protein (GFP) (Fig. 6A) . At various times following infection, a fraction of the infected resting cells were activated with mitogen in order to render the cells fully permissive for viral replication. By flow cytometry, the fraction of infected resting T cells from which viral gene expression could be rescued following cellular activation was determined in order to quantitate decay processes occurring during early stages of the infection of resting cells. These experiments were done with a VSV-G-pseudotyped recombinant HIV-1 so that higher numbers of infected cells could be generated and so that rescue of virus gene expression could be precisely quantitated at the single-cell level. Experiments in which resting cells infected with HIV-1 were cultured and then activated gave similar results; however, quantitation required a cumbersome and less precise limiting-dilution virus culture assay.
Purified resting CD4 ϩ T cells were obtained by a previously described (13, 30) procedure that routinely produced cell preparations with Ͻ1% contaminating activated cells (Fig. 6B) . The purified resting cells were infected with VSV-G-pseudotyped NL4-3-GFP and then washed and maintained in MM. At the indicated times, a fraction of the infected culture was removed and activated with PHA and a 10-fold excess of irradiated allogeneic PBMC labeled with red fluorescent dye PKH26. Cells were harvested 48 to 72 h after activation and fixed in 2% paraformaldehyde for analysis by flow cytometry. The percentage of resting T cells in which cellular activation induced the expression of viral genes was calculated by determining the percentage of PKH26-negative cells expressing EGFP.
In control experiments, we established that this activation procedure results in activation of 100% of the input resting CD4 ϩ T cells under conditions that closely mimic physiological activation with antigen and antigen-presenting cells. Uniform activation was demonstrated by up-regulation of CD25, the alpha chain of the interleukin-2 receptor, on 100% of the cells by 72 h after activation (Fig. 6C) . Uniform activation was observed whether the resting cells were activated immediately after infection (day 0) or after 3 or 6 days in culture (Fig. 6C) . These activation conditions induce the vast majority of the resting cells to enter the cell cycle and proliferate, as demonstrated by the dilution of dye CFSC (Fig. 6D) . Using this approach, we examined the fate of the virus following infection of resting CD4 ϩ T cells by varying the time between infection and activation. In this system, expression of viral genes is heavily dependent on cellular activation, as few GFP-positive cells are observed unless the infected resting-cell culture is activated (Fig. 7A) . However, if resting cells are activated, GFP-expressing cells are readily detectable 3 days later. By
FIG. 5. Infected resting CD4
ϩ T cells contain linear HIV-1 DNA molecules that have 3Ј processing by integrase. (A) LM-PCR assay for complete reverse transcripts that have undergone 3Ј processing by integrase. As an initial step in the integration reaction, integrase removes the terminal 2 nucleotides from the 3Ј end of each strand of the full-length, linear HIV-1 DNA. The product of this reaction can be detected by removing the 5Ј overhang with single-strand-specific MBN, generating a blunt-ended molecule whose terminal nucleotides form one-half of an NcoI site. The linker used in these experiments creates a novel NcoI site when ligated to the linear genome of HIV-1 that had been processed by integrase and cleaved by MBN. LM-PCR clones were restricted with NcoI, run on a 1% gel, and probed by Southern blotting with an LTR-specific probe. The vector used in these studies has an NcoI site; therefore, clones with inserts derived from linear DNA that has been processed by integrase will be cleaved twice in a manner analogous to that for the ScaI screen described in the legend for Fig. 4. (B) LM-PCR analysis of HIV-1 DNA from infected resting CD4 ϩ T cells. Highly purified resting CD4 ϩ T cells were infected with HIV-1 IIIB. Three days after infection, cells were lysed and DNA was isolated for LM-PCR. Restriction analysis of cloned LM-PCR products identified cloned inserts that were cleaved by NcoI, indicating prior processing by integrase (lanes 5 and 7) and inserts that were not cleaved (lanes 1, 3, and 6 ). Because the insert was cloned in either a forward or reverse orientation, inserts of two different sizes were predicted for clones containing the novel NcoI site. Some clones did not contain an HIV-1-derived insert (lanes 2 and 4). varying the time between infection and activation, we observed a remarkably rapid decay of rescuable viral gene expression during the first 3 days after infection of resting CD4 ϩ T cells ( Fig. 7B; Table 1 ). Longitudinal analysis of six separate experiments demonstrated that virus in the preintegration state decays with a half-life of 0.9 Ϯ 0.2 days during this period (Fig. 7B and Table 1 ). These results suggest that, during the time that reverse transcription is proceeding to completion, irreversible degradative processes prevent virus rescue in a significant fraction of the recently infected resting CD4 ϩ T cells (Ͼ85%). As shown in Fig. 6C and D, the loss of rescuable virus does not result from any decrease in the susceptibility of the resting cells to activation. Furthermore, the viability of the resting-cell cultures, in the presence or absence of infection, does not begin to decline until day 5 (Fig. 7C) .
HIV-1 infection is mediated by the binding of gp120 to CD4 and a chemokine receptor on the surface of a cell (reviewed in reference 9). In contrast, the VSV-G virions employed in these experiments enter the infected cell by endocytosis. The efficacy of the endocytosis of VSV-G-pseudotyped virions into resting T cells has not been measured directly. To exclude the possibility that the rapid decay of virus in the preintegration state observed in our experiments was due to the decay of bound extracellular virions, the resting CD4 ϩ T cells were infected with VSV-G-pseudotyped virus as described above and washed briefly in an acidic pH to promote direct fusion of the virus with the plasma membrane. We demonstrated that the rapid decay of virus in the preintegration state could be observed even under conditions where direct fusion of attached viruses is stimulated by low pH (Table 1) . Taken together, our results suggest that the decrease in the number of infected resting CD4 ϩ T cells that can be induced to express viral genes by mitogenic stimulation is most likely due to decay processes operating on PICs after virus entry and during the time period required for the completion of reverse transcription.
To determine what fraction of the virus rescued from the preintegration state came from cells containing completely reverse-transcribed DNA, infected resting T cells were treated with the reverse transcriptase inhibitor lamivudine (3TC) (10 M) 4 h prior to activation with PHA and irradiated feeders. Under these conditions, only cells containing complete reverse transcripts can go on to express viral genes following stimulation. We found that if cells were treated with 3TC and activated in the first 3 days after infection, the rescue of virus from the preintegration state was blocked (Fig. 8) . In contrast, if resting cells are infected and then cultured for 3 days or longer before treatment with 3TC and activation, viral gene expression becomes insensitive to 3TC. However, the total number of cells with rescuable viral gene expression is much lower, reflecting the decay processes occurring during the time that it takes for reverse transcription to progress to completion in resting CD4 ϩ T cells. Figure 8B shows the relative contribution of cells with complete reverse transcripts to the total number of cells containing rescuable forms of the virus. This analysis demonstrates that, in most resting CD4 ϩ T cells, the completion of reverse transcription requires approximately 3 days. The experiment shown in Fig. 8 is representative of four experiments done with resting cells from different donors, all showing the same phenomenon. Thus in resting CD4 ϩ T cells, irreversible decay processes occurring during the time that it takes to complete reverse transcription prevent the rescue of viral gene expression in most recently infected resting CD4 ϩ T cells, even after the cells are rendered competent for viral replication by activating stimuli.
DISCUSSION
Understanding the state of preintegration latency in HIV-1 infection is important for several reasons. At steady state in vivo, only a minority of CD4 ϩ T lymphocytes in the blood and peripheral lymphoid tissues are in an activated state. Therefore, it is likely that HIV-1 most frequently encounters resting CD4 ϩ T cells, cells that are incapable of sustaining productive infection due to the replication blocks discussed above. In untreated patients, the state of preintegration latency is quantitatively dominant over postintegration latency; at any given time, the fraction of infected resting cells in the preintegration state of latency is larger than the fraction containing integrated HIV-1 DNA (2, 3). This must be considered in the interpretation of all DNA PCR studies carried out by standard methods that are incapable of distinguishing between the preintegration and postintegration states. As shown here, this preintegration state is extremely labile due to irreversible decay processes that occur during the prolonged process of reverse transcription in resting cells. Appreciating the distinctions between pre-and postintegration latency may allow the development of novel clinical assays capable of monitoring the recent infection of cells by HIV-1. Thus although the dynamics of this preintegration form of latency are not directly relevant to the stable postintegration form of HIV-1 latency that represents a major barrier to eradication of the infection with antiretroviral drugs (3, 5, 6, 12, 13, 41) , a more complete understanding of the structure of the viral genome in resting T cells may allow for new insights into HIV-1 pathogenesis and viral dynamics. The molecular state of HIV-1 in infected resting T cells. A defining characteristic of a retrovirus is its ability to convert a positive-strand genomic RNA into a double-stranded, linear DNA molecule that may then be integrated into the host cell chromosome. The ability of HIV-1 to complete the reverse transcription reaction in resting CD4 ϩ T cells has been examined in several studies. Initial studies of the progress of the reverse transcription reaction in resting T lymphocytes demonstrated that it was inefficient in comparison to reverse transcription in activated T cells (42, 43) . This analysis was made possible by the development of assays capable of distinguishing between intermediates formed at the initiation and near the completion of the reverse transcription reaction. By employing this strategy, Zack et al. established that, while reverse transcription was initiated in an infected resting cell soon after virus entry, it did not progress to completion during the first 24 h of infection (42, 43) . Subsequent experiments in which the production of reverse transcription intermediates was monitored for longer periods suggested that reverse transcription may in fact eventually proceed to near completion in infected resting lymphocytes (30, 38) .
The present study extends and clarifies previous observations by assaying directly for the presence of the biologically relevant final product of the reverse transcription reaction in highly purified resting CD4 ϩ T cells infected with HIV-1. We demonstrate that, in infected resting CD4 ϩ T cells, reverse transcription proceeds slowly to completion to generate a fulllength linear DNA molecule that represents a suitable substrate for integration into the host cell chromosome. In addition, we detected linear molecules that had been processed by HIV-1 integrase in a reaction that normally occurs in the context of a functional PIC and that is required for integration into the host cell genome.
The kinetics of reverse transcription are markedly slower in resting cells than in activated T cells, macrophages, or T-cell lines (20, 27, 43) . Our results clearly show that 3 days are required for the reaction to be completed in most resting pools of nucleotides or other cellular factors in resting T cells (22, 24) . Interestingly, it has been shown that the addition of exogenous nucleotides increases the rate at which reverse transcription proceeds (20) . This supports the notion that the inefficiency of reverse transcription in resting T cells is not necessarily the result of an absolute block but rather a problem of mass action in which insufficient reactants are present.
In addition to full-length linear forms of HIV-1 DNA, we identified in resting CD4
ϩ T cells a significant number of viral genomes incapable of integration due primarily to an apparent truncation or terminal degradation process. Viral genomes bearing terminal deletions were not identified during parallel analysis of linear HIV-1 DNA detected in transformed T-cell lines infected with HIV-1. Previous work has demonstrated that treatment of resting T lymphocytes with exogenous nucleosides increases the rate of the reverse transcription reaction and can allow for its completion (20) . Interestingly, the inefficiency with which virus can be rescued from these nucleoside-treated, HIV-1-infected, resting T cells following cellular activation supports the finding that not all reverse transcription products have the capacity to serve as integrase substrates (20) . An intriguing possibility is that the formation of these aberrant linear molecules may be a consequence of the slow kinetics of reverse transcription in resting cells, which may expose the linear genome to nucleases for extended periods of time. Therefore, degradation of the linear viral genome may be a reflection of the processes contributing to the labile nature of HIV-1 in the preintegration state. However, the rapid decrease in the amount of virus that can be rescued from the preintegration state during the first few days of infection, prior to the completion of the reverse transcription process, suggests that mechanisms other than degradation of full-length linear DNA also play a role in the lability of preintegration latency.
Previous studies have analyzed two-LTR circles in order to determine the structure of the ends of retroviral DNA. Several studies of infections of cell lines with HIV-1 (15) or with murine (35, 36) or avian retroviruses (17, 18) have demonstrated deletions at the terminus of the linear genome, especially at the U3 end. It was suggested that the relatively high frequency of circles bearing deletions at the circle junction was a function of an increased ability of linear forms bearing deletions to become circular through end-to-end ligation (15) . In light of these findings, one possible interpretation of our results is that the truncated linear HIV-1 DNA molecules formed following the infection of an activated cell are the preferential substrate of the two-LTR circle formation process and as a result are underrepresented in the population of linear DNA molecules sampled from activated cells. The detection in resting cells of a significant fraction of the linear viral genomes bearing deletions may be a result of the inability of the viral genome to form circles in these cells (32) , presumably due to the inability to access the nucleus of the infected cell.
Several limitations in the application of LM-PCR to the analysis of linear HIV-1 DNA should be pointed out. First, the LM-PCR approach used in this study is highly specific for molecules with blunt ends. Therefore, we cannot rule out the possibility that other forms of linear HIV-1 DNA, which are not blunt, exist in infected cells. Analysis of linear molecules without blunt ends, such as those processed by integrase, required a modified approach. Second, the LM-PCR approach used in these studies has limited quantitative power because the sensitivity of the assay is affected by subtle differences in the number of double-strand breaks in genomic DNA suitable for ligation by the linker. Additionally, the heterogeneity of the linear forms of HIV-1 DNA also makes quantitation difficult, as one assay lacks the capacity to detect all forms of the linear genome. Development of a more quantitative approach may allow for the use of linear forms of HIV-1 DNA in studies of viral dynamics. The lability of the preintegration state of HIV-1 latency. The results presented here provide new insight into the short-lived nature of the preintegration form of HIV-1 latency. The ability to rescue HIV-1 from the infected resting CD4 ϩ T cells decayed with a half-life of approximately 1 day. The molecular mechanisms responsible for the decay of the preintegration state are unclear and merit further study. The half-life obtained from these rescue experiments is markedly similar to estimates for the half-life of unintegrated HIV-1 DNA in resting T cells (42) . It is important that the majority of the decay observed in these studies occurs during the slow process of reverse transcription in the resting T cell, making it unlikely that degradation of full-length linear viral genomes is a major mechanism by which PICs are inactivated in the cell.
The PIC is a dynamic association of several viral and cellular proteins responsible for the trafficking of the viral genome through the nuclear membranes and integration of the viral genome into a host cell chromosome. Several recent reports suggest a potential role for the proteasome in the degradation of functional PICs. Schwartz and colleagues demonstrate that inhibition of the proteasome results in increased levels of linear and circular forms of proviral DNA, which may reflect the role of the proteasome in the degradation of the PIC prior to integration (34) . Additionally, HIV-1 integrase is degraded via the N-end rule pathway, supporting the notion that it is a suitable substrate for the proteasome (26) .
The analysis of the resting CD4 ϩ T-cell compartment in patients receiving no therapy or nonsuppressive therapy is complicated by the contribution of recent infection of resting CD4 ϩ T cells by HIV-1, which does not generally result in a stably integrated provirus. Recently, Blankson et al. suggested that the preintegration state decays in vivo with a half-life of 1 week (1). This is significantly longer that the half-life for virus in the preintegration state reported here. The analysis of in vivo decay rates is complicated by the additional entry of virus into the resting-T-cell compartment due to incomplete suppression of viral replication during the first few weeks of therapy. In addition, the decay of virus in the first phase reported by Blankson et al. may reflect the combined effects of a very rapid decay process acting on the PIC during the first few days after infection and a slower decay process that acts on fulllength linear HIV-1 genomes once reverse transcription is complete. Current efforts involve evaluating the latter possibility.
The experiments presented here provide additional insight into the fate of the virus following the infection of highly quiescent lymphocytes such as the resting CD4 ϩ T cells found in the circulation. We demonstrate that HIV-1 has the capacity to complete the reverse transcription reaction in resting cells to generate the full-length linear viral cDNA. Furthermore, a fraction of the viral DNA in resting T cells appears to have been processed by integrase. Taken together, these two observations lend support to a model in which one block to HIV-1 replication in resting T cells occurs after the reverse transcription event, perhaps due to an inability to enter the nucleus of a quiescent cell. We also demonstrate that rapid degradation of virus in the preintegration state occurs during the prolonged time that it takes for reverse transcription to be completed.
Thus a more complete view of the fate of a resting CD4 ϩ T cell encountering HIV-1 in the circulation might be as follows. Entry of R5 viruses is dependent on expression of CCR5. Only a subset of resting CD4 ϩ T cells express CCR5 (30) . In these cells, entry occurs and reverse transcription proceeds at a slow pace and requires several days for completion. During this period, competing degradative processes may lead to the irreversible loss of virus in many if not most infected resting CD4 ϩ T cells. In some infected cells, reverse transcription eventually generates full-length viral cDNA, which is then processed by integrase. Despite the production of a suitable substrate for HIV-1 integrase, integration of the viral genome into the host cell chromosome and virus gene expression generally do not occur unless the cell receives an activating stimulus, and the linear viral genome may be subject to functional inactivation by nucleases. The result is that, in the absence of some form of stimulation provided by antigen, cytokines, or other microenvironmental factors, the decay of HIV-1 in the preintegration state is rapid. Therefore, the infection of resting CD4 ϩ T cells is generally nonproductive.
